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An ambient pressure ionization technique for mass spectrometric analysis of substances
present on solid surfaces was developed. A nebulized spray containing molecular ions of a
solvent such as toluene can be generated by passing the solvent through a stainless steel
capillary held at a high voltage. When the stream of charged droplets produced in this way is
directed onto a solid surface, the analytes present on the surface are desorbed and ionized by
a charge exchange process. This technique was shown to desorb and generate positively
charged molecular ions from compounds that are not readily ionized by some other ambient
methods, under positive-ion generation mode. For example, intense signals representing
radical cations of 1,4-hydroquinone, limonene, thymol, and several other compounds were
observed when the analytes were deposited on a metal surface and exposed to a toluene spray
nebulized from the metal capillary maintained at a potential of about5 kV. In contrast, when
the same samples were exposed to a spray of water/methanol/formic acid under customary
DESI-like (positive-ion mode) conditions, no peaks representing the analytes were
observed. (J Am Soc Mass Spectrom 2010, 21, 1554–1560) © 2010 American Society for
Mass SpectrometryWith the introduction of ambient desorptionionization techniques such as desorptionelectrospray ionization (DESI) and direct
analysis in real time (DART), a range of compounds,
including proteins [1, 2], explosives [3, 4], polymers [5],
pharmaceuticals [6], and metabolites [3, 4] are now
amenable to atmospheric-pressure ionization mass
spectrometry with little or no sample preparation. The
DESI technique has been extended even to sample
imaging [7]. Despite these major breakthroughs, both
techniques bear a few limitations. The DART technique
can be applied primarily to low-molecular-weight sam-
ples ( 1 kDa), and has a limited dynamic range for
quantitative determinations [4, 8]. In addition, a costly
ion source dedicated to the DART technique is required
to apply this method. In contrast, the DESI procedure
has a higher dynamic range and molecular weight
limits [9]. Moreover, this procedure can be performed
using a conventional ESI probe commonly available on
atmospheric pressure-ionization mass spectrometers.
However, the conventional DESI procedure does not
efficiently ionize many samples of low polarity [10]. The
detection of trace amounts of compounds of low proton
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doi:10.1016/j.jasms.2010.04.020affinity and low acidity, such as cholesterol, can be
achieved only by reactive DESI procedures [11]. Al-
though the direct DESI technique has been reported to
ionize some highly conjugated nonpolar compounds
such as lycopene [12], better detection of saturated
hydrocarbons is achieved only under discharge-
induced oxidation conditions [13]. However, discharge-
induced oxidation is nonspecific, therefore unsuitable
for structure elucidation work [13].
In this report, we describe a technique that can be
easily incorporated into an existing DESI or ESI sources.
In this way, positively charged molecular ions can be
generated under ambient conditions from a wide range
of compounds of different polarity. To distinguish this
technique from DESI and regular ESI, we propose to
call it desorption ionization by charge exchange (DICE).
Although DICE uses a DESI or an ESI source, this new
technique has a different ionization mechanism than
those of ESI-related procedures. In ESI-related desorp-
tion techniques, the analytes are cationized by either
forming the protonated species or the metal adducts. In
contrast, DICE forms gaseous ions through a charge
exchange process between the neutral analytes and the
molecular ions of the spray reagent. We postulate that
the molecular ions of the spray reagent that is required
for DICE are formed by an electrochemical oxidation
process that occurs at the metal-solvent interface of the
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had previously reported for other compounds [14].
DICE shares some similarities with the previously
described desorption atmospheric-pressure chemical-
ionization (DAPCI) procedure [15], and desorption
atmospheric-pressure photoionization (DAPPI) technique
[10], both of which use a dopant such as toluene to
assist the ion formation. In DAPCI, a reagent gas (e.g.,
nitrogen, methanol, or toluene vapor) is first ionized by
a corona discharge and used to desorb and ionize
samples from surfaces under ambient conditions [15].
DAPPI, on the other hand, desorbs samples from am-
bient surfaces by first exposing analytes to the hot
solvent vapor (e.g., toluene) generated from a heated
nebulizer microchip, and then ionizes the gaseous ana-
lytes by interacting with energetic photons from a
krypton lamp [10]. Unlike DAPCI or DAPPI proce-
dures, the DICE technique described here uses the
reagent ions (i.e., molecular ions of toluene) formed in
solution before the nebulization step.
Experimental
Mass Spectrometry
Except for a few experiments described below, all other
data were acquired on a Waters Quattro Micro tandem
quadrupole mass spectrometer (Milford, MA, USA).
The configuration of the DICE ion source is illustrated
in Figure 1. The front glass panel of the Quattro Micro
instrument that isolates the ion source region from the
outside atmosphere was replaced with a polycarbonate
panel, cut to similar dimensions (3.75 in. 3.75 in.). A
rectangular slit (0.25 in.  0.15 in.) was cut in the
panel to introduce the target probe containing analytes.
Experiments were conducted also on a linear ion trap
(LTQ) (Thermo Fisher, Waltham, MA) mass spectrom-
eter using either a fused-silica or a stainless-steel spray
capillary to investigate the electrochemical oxidation
process that toluene undergoes.
+ 5kV
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Spray
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Probe 
Nebulizing Gas
Capillary Figure 1. Schematic of the DICE ion source.Instrumental Parameters and Conditions
Toluene was infused at a flow rate of 50 L/min
through the ESI metal capillary (100 m) which was
held at 5.0 kV for DICE experiments. For DESI-type
experiments, the reagent spray used was a solution of
0.1% formic acid in 50%–70%water:30%–50%methanol,
or 0.1% formic acid in 70% water:30% acetonitrile at a
flow rate between 10 L/min to 15 L/min. For the
Quattro Micro instrument, the desolvation gas (nitro-
gen) flow rate and temperature were set at 450 L/h and
350 °C, respectively. The cone voltage was set at 25 V,
and no cone gas was applied. The source was main-
tained at 125 °C. For the linear ion trap instrument
(Thermo Finnigan LTQ), the spray voltage was set at
5–6 kV and the capillary (fused silica, 100 m) temper-
ature was maintained at 150 °C. The sheath gas, sweep
gas, and auxiliary gas flow rates were set to 30, 5, and 10
arbitrary units, respectively.
Materials
Vitamin K, cholesterol, and estradiol were purchased
from Alfa Aesar (Wardhill, MA , USA). 2-Naphthol and
DL--tocopherol were purchased from TCI America
(Portland, OR, USA). 1,4-Hydroquinone, anthracene,
p-aminobenzoic acid, retinol, limonene, thymol,
phenyl acetaldehyde, farnesyl acetate, 4-chlorophenol,
4-iodophenol, di-n-hexyl ketone, p-cresol, benzaldehyde, -
terpinene, -pinene oxide, -caryophyllene, fluoranthene,
salicylaldoxime, and ferrocene were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Formic acid, hex-
ane, and toluene (99.8%) were purchased from EMD
Chemical (Gibbstown, NJ, USA). Methanol and aceto-
nitrile were purchased from J. T. Baker (Philipsburg, NJ,
USA). Water purified using a Milli-Q purification sys-
tem (Billerica, MA, USA) was used for all experiments.
A piece of braided stainless steel wire (1/8 in. o.d. 
2 in.), obtained from OOK (Miami, FL, USA), was used
as the target surface to which samples were applied.
The target surface was cleaned with methanol before
use. The polycarbonate sheet that was used in place of
the front glass window of the ion source was purchased
from SABIC-IP (Pittsfield, MA, USA).
Sample Preparations
The concentration of the stock solutions of individual
analytes ranged between 7 and 0.07 mg/mL. Estradiol
and 1,4-hydroquinone were dissolved in methanol, and
other samples such as vitamin K, cholesterol, 2-naphthol,
anthracene, vitamin A, -tocopherol, p-aminobenzoic
acid, limonene, thymol, phenylacetaldehyde, farnesyl
acetate, 4-chlorophenol, 4-iodophenol, di-n-hexyl ke-
tone, p-cresol, benzaldehyde, -terpinene, -pinene ox-
ide, -caryophyllene, fluoranthene, salicylaldoxime,
and ferrocene were dissolved in toluene. The amount of
each analyte deposited on the target surface (braided
stainless steel wire) ranged from 1 to 100 g. To deposit
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of the 0.07 mg/mL stock solution was pipetted and
deposited on the surface of area 40 mm2 (the surface
area was calculated by assuming that the braided wire
has a surface area similar to that of a solid rod). The
sample on the surface was air-dried at room tempera-
ture for 0.5 to 2 min before subjecting the deposits to
desorption-ionization experiments.
Sample Introduction
For all DESI and DICE experiments, the target probe was
inserted through the open slot in the polycarbonate source
window panel. The probe wire was held1 to 2 cm away
from the ESI capillary tip and 2 to 3 cm away from the
entrance cone. The suggested incident () and collection
() angles for DESI were 55 ° and 10 °, respectively, for
optimal signal intensity [16, 17]. However, the  and 
angles for all experiments performed in this work had to
be set at   80 ° because of physical constraints of the
instrument. Hence, the DESI data presented here were
collected under non-optimized conditions. A clean wire
was used as the control to generate background spectra.
Results and Discussion
The DESI technique is widely used in mass spectrome-
try to desorb and ionize analytes from solid substrates
[16]. This technique, which uses a fine spray of charged
droplets generated by an electrospray probe from polar
solvents, shares many common characteristics as the
ESI technique. One of such characteristic is that DESI
usually ionizes neutral and nonpolar compounds less
effectively or not at all [10]. For example, a sample of
1,4-hydroquinone, limonene, or thymol deposited on a
metal surface failed to show any sample related peaks
when a spectrum was recorded by spraying a mixture
of water/methanol/formic acid through the electros-
pray capillary under DESI conditions in positive ion
mode (Figure 2a, c, e). In contrast, we found intense
Figure 2. Background-subtracted mass spectra
water/methanol/formic acid (DESI capillary vo
voltage 5 kV) (b), (d), (f) through the ESI capil
thymol (nominal mass 150), and limonene (nomi
of 1,4-hydroquinone on the target surface wa
limonene was 250 ng/mm2.signals for the positively charged molecular ions when
toluene was used as the spray reagent (Figure 2b, d, f).
We hypothesize that under positive-ion conditions,
when toluene is passed through the charged capillary
tube, molecular ions of toluene are generated by an
electrochemical oxidation process, which imparts a net
charge to the nebulized droplets. To further investigate
the hypothesis that the toluene droplets are charged
before leaving the capillary tip, we carefully observed
and compared the shape of the toluene droplets at the
first onset of the spray to that from polar solvents at the
tip of the capillary held at high voltages. When no
voltage and pneumatic assistance are applied to the
capillary, the initial droplets emanating from polar
solvents are somewhat spherical in shape. Once the
capillary voltage required for electrospray is applied,
the droplets become elongated. This deformation from
the initial spherical shape, which occurs at about 2 to 3
kV, is an indication of the formation of charged droplets
(so-called Taylor cone formation) [18]. With toluene, a
similar the deformation could be observed at 4.5 to 5 kV
(of course, this can be observed only if the nebulization
gas is turned off). Presumably, this observation indi-
cates that the droplets formed from toluene, with the
capillary voltage on, are charged as a consequence of
the electrochemical oxidation that takes place on the
capillary surface as described by Van Berkel and co-
workers [14]. The magnitude of the capillary voltage
plays an important role in the production of toluene
molecular ions. For example, the peak at m/z 92, for
the molecular ion of toluene, was observed only when the
high voltage (about 5 kV) was applied to the stainless
steel spray capillary. At capillary voltages lower than
4.5 kV, no molecular ions of toluene were detected.
Similar results were obtained when the LTQ equipped
with a stainless steel capillary was used. However,
when the capillary was switched to one that has similar
dimensions but made of fused silica, no peak at m/z 92
was observed (data not shown) at a capillary voltage
(5–6 kV). These observations point out that the electro-
age of at least 3 MS scans) obtained by spraying
3.5 kV) (a), (c), (e), or toluene (DICE capillary
ube, on 1,4-hydroquinone (nominal mass 110),
ass 136) deposited on a metal wire. The amount
imated to be 2.5 g/mm2 while thymol and(aver
ltage
lary t
nal m
s est
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take place with fused silica) plays an important role in
the ionization process. In addition to the electrochemi-
cal oxidation mechanism, some gaseous molecular ions
of toluene might also be formed by the corona discharge
at the capillary tips.
The molecular ions (generated by both electrochem-
ical oxidation and corona discharge mechanisms) when
directed onto a solid surface deposited with analytes,
the substances on the surface were ionized by a charge
exchange process (Scheme 1).
To illustrate the versatility of the DICE technique,
mass spectra of a wide range of compounds were
recorded (Figures S1–S24, which can be found in the
electronic version of this article, and Table 1). The DICE
technique generated molecular ions from all the com-
pounds listed in Table 1. In some favorable cases, the
signal to noise ratio generated by the DICE procedure
was better than that obtained by the DESI proc-
edure (however, this is a semi-quantitative estimation
because the instrument used for comparison was not an
optimized commercial DESI instrument). A limitation
of the DICE technique, which in fact is common to all
chemical ionization and matrix-based techniques, is the
high chemical noise in the low-mass region. To over-
come this limitation and to identify peaks specific to a
particular sample, background spectra originating from
toluene and the target surface impurities were recorded
and subtracted from the averaged spectra of the ana-
lytes (Figure 3a). Figure 3b and c show the typical
background peaks [benzyl cation (m/z 91), molecular
ion of toluene (m/z 92), protonated toluene (m/z 93),
methyl-substituted benzyl ion (m/z 105), molecular ion
of xylene (m/z 106), and molecular ion of cresol (m/z
108)] observed by spraying toluene on a metal target.
The peak at m/z 106 was due to traces of xylenes present
as impurities in toluene. Presumably, the molecular ion
of cresol was formed by an oxidation reaction between
Scheme 1. The proposed mechanism of charge exchange by
DICE technique illustrated using toluene (spray reagent) and
1,4-hydroquinone (analyte) as an example.the molecular ion of toluene and oxygen in the gaseous
phase [19]. The interference from toluene-related
peaks becomes less problematic when analytes with
high molecular weight are being investigated. Similar
observations have been made by Traldi and cowork-
ers from their atmospheric pressure photoionization
(APPI) work [19].
The observation of molecular ion peaks for all ana-
lytes listed in Table 1 suggests that the main ionization
mechanism in the DICE technique is a charge exchange
process. However, upon evaluating the DICE spectra in
more detail, it became apparent that contributions from
other ionization mechanisms are also possible. For
example, in the spectrum recorded from cholesterol by
the DICE technique, a peak at m/z 369 that corresponds
to the [MH  H2O]
 ion of cholesterol was observed in
addition to that of its molecular ion (Figure 4a). A
similar peak at m/z 369 had been observed previously
when cholesterol was analyzed using the DART proce-
dure as reported by Cody [20]. It has been stated that
the ionization mechanism of the DART technique is
APCI-related [4, 9], therefore, the similarity between
cholesterol spectra generated by DICE and DART
technique suggest that there could be some contribu-
tions from the APCI-related ionizations during DICE
ionization.
Interestingly, the DESI experiments presented in this
work appear to have some dependence on the applied
capillary voltage. When the capillary voltage was set at
5 kV, a cholesterol spectrum similar to that from the
DART [20] procedure was obtained (Figure 4b). How-
ever, when the capillary voltage was reduced to 3.5 kV,
no significant peaks that represent cholesterol were
observed (Figure 4c). As such, apparently in the exper-
iments discussed here, the ion generation by DESI
process is somewhat enhanced by contributions from
the APCI-related mechanisms when the capillary was
held at 5 kV. Other examples of this dependence on
capillary voltage by DESI are shown in Supplementary
Figures S25–S26, where 2-naphthol and -tocopherol
undergo a decrease in ion abundance when the capil-
lary voltage was lowered from 5 to 3.5 kV.
To distinguish the APCI-related ionization mecha-
nisms from those of the DICE and DESI procedures,
anthracene was desorbed and ionized by DICE (Figure
3a) and DESI procedures with the capillary voltage held
at 5 kV (Figure 5a), and the spectra obtained were
compared with the results obtained from desorption
using nitrogen gas only under identical conditions
(Figure 5b). The desorption medium that used nitrogen
only was considered to mimic the ionization process of
the DAPCI. The spectral differences between DICE and
APCI-related technique were quite distinctive. The
most predominant peak in the DICE spectrum (Figure
3a) was the molecular ion of anthracene (m/z 178),
whereas the DAPCI method produced primarily a peak
at m/z 179 for the protonated species (Figure 5b). The
DESI technique, on the other hand, generated a spec-
trum that is similar to that of the DAPCI (Figure 5a and
), 18
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data presented in Figure 5a could have some contribu-
tions from the APCI-related mechanisms because the
capillary was held at high voltage (5 kV). In the DAPCI
spectrum (Figure 5b), however, a small peak that cor-
responds to the molecular ion of anthracene at m/z 178
was observed, while no molecular ion peak of anthra-
cene was observed in the DESI spectrum (Figure 5a).
DAPCI is known to generate neutral metastable species
by a gas-phase electrical discharge, e.g., excited-state of
ambient nitrogen, oxygen, and water etc., which can act
as reagents for chemical ionization [9, 15, 21]. The peak
Figure 3. Positive-ion mass spectra recorded using the DICE
technique. Background subtracted mass spectrum of anthracene
(a), raw mass spectrum of anthracene with no background sub-
traction (b), and mass spectrum of blank target surface (c). The
Table 1. List of compounds evaluated by DICE technique
Compound
Amount deposited on
surface (ng/mm2) De
Vitamin K 25 450 (M
Cholesterol 25 386 (M
Estradiol 100 272 (M
2-Naphthol 25 144 (M
1,4-Hydroquinone 100 110 (M
Anthracene 25 178 (M
Vitamin A 250 286 (M
DL--tocopherol 25 430 (M
p-Aminobenzoic acid 25 137 (M
Limonene 250 136 (M
Thymol 250 150 (M
Phenylacetaldehyde 250 120 (M
Farnesyl acetate 250 264 (M
4-Chlorophenol 250 128/130
4-Iodophenol 250 220 (M
Dihexyl ketone 250 198 (M
p-Cresol 250 108 (M
Benzaldehyde 250 106 (M
-Terpinene 250 136 (M
-Pinene oxide 250 152 (M
-Caryophyllene 250 204 (M
Fluoranthene 250 202 (M
Salicylaldoxime 250 137 (M
Ferrocene 250 187 (Mamount of anthracene deposited on the target was 2.5 g/mm2.for the molecular ion of anthracene as shown in Figure
5b is probably produced by a reaction between a
desorbed analyte and these metastable species. The
detection of only a small peak for the molecular ion
anthracene at m/z 178, Figure 5b, suggests that the
formation of the molecular ions of analytes by direct
corona discharge or interaction with the metastable
species in the gaseous phase is not the dominant
process under DICE conditions.
Cooks and coworkers had proposed that the main
desorption mechanism in DESI can be attributed to a
droplet “pick-up” process followed by a subsequent
evaporation of droplets that leads to the generation of
Figure 4. Mass spectra generated by spraying toluene at a
capillary voltage of 5 kV by the DICE procedure (a), or water/
acetonitrile/formic by the DESI procedure at a capillary voltage of
5 kV (b), and 3.5 kV (c) on a target deposited with 100 ng/mm2 of
cholesterol. The spectra have been normalized to display the same
d m/z (ion type)
Approximate S/N intensity ratio of
molecular ion peak
1 [MH] 20:1
9 [MH  H2O]
 10:1
5 [MH  H2O]
 20:1
5 [MH] 100:1
20:1
9 [MH] 100:1
9 [MH  H2O]
 20:1
1 [MH] 20:1
8 [MH] 20:1
7 [MH] 10:1
1 [MH] 100:1
1 [MH] 100:1
5 [MH] 10:1
) 20:1
50:1
9 [MH] 20:1
100:1
5 [MH], 106 [MH] 10:1
7 [MH] 50:1
3 [MH] 5:1
5 [MH] 50:1
3 [MH] 10:1
8 [MH] 20:1
7 [MH] 100:1tecte
●), 45
●), 36
●), 25
●), 14
●)
●), 17
●), 26
●), 43
●), 13
●), 13
●), 15
●), 12
●), 26
(M●
●)
●), 19
●)
●), 10
●), 13
●), 15
●), 20
●), 20
●), 13
●ion intensity scale on the y-axis..
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is similar to that of DESI because the signal-to-noise
ratios obtained for the M• and [MH] of anthracene, a
compound of boiling point 340 °C, remained similar
when nebulization gas temperature was increased from
150 °C to 450 °C (Supplementary Figure S27). Hence,
the initial gaseous analyte generation mechanism by
DICE is probably not a thermal desorption process.
As more information about desorption ionization
mechanisms become available, it is more and more
apparent that one straightforward mechanism is inad-
equate to account for all the features associated with a
particular ionizations process. Apparently, gaseous ion
formation is attributable to several mechanisms that
may be taking place simultaneously. The predominant
process that takes place at any microscopic location
depends most likely on the physicochemical parameters
that ions and molecules experience at a particular
location. Our ideas about gaseous ion generation evolve
as more experimental data become available. For exam-
ple, chemical sputtering was one of the initial mecha-
nisms considered for DESI [22]. Currently, momentum-
transfer events are hypothesized to be the dominant
process that contributes to the analyte-containing drop-
let formation [16]. Although, we have proposed a
charge-exchange mechanism as the predominant
means of ion formation in this paper, some uncertain-
ties exists because contributions from atmospheric-
pressure chemical ionization related processes, de-
pending on the chemistry of the analytes, could have
added to the overall ion generation.
To optimize conditions for the DICE technique, some
of the basic operating parameters were deliberately
varied. A change of flow rate of the DICE reagent
showed a pronounced effect on the sample peaks ob-
served. At an infusion rate of 10 L/min, the intensity
of the m/z 179 peak for the [MH] was slightly higher
Figure 5. Mass spectrum of anthracene generated by desorption
ionization by a nebulized spray of 50% methanol and 50% water
containing 0.1% formic acid (a), and that with nitrogen gas
only(b). The flow rate of nebulizing nitrogen was 450 L/h for both
experiments. The amount of anthracene on the target was 25
ng/mm2 and the capillary voltage held at 5 kV.than that m/z 178 for the M• (Supplementary FigureS-28). At higher infusion rates, on the other hand, the
predominant species detected was the molecular ion
(Supplementary Figure S-28A). Although an increase in
baseline noise was noted at higher flow rates, the
overall signal-to-noise (S/N) ratio was very high even
at a flow rate of 100 L/min. On the other hand, ion
generation by the DICE technique showed little depen-
dence on the nebulizing gas flow rate or its tempera-
ture. In general, mass spectra of relatively high S/N
ratio can be recorded as long as the nebulizer flow rate
was set above 100 L/h (Figure S-29), and the desolva-
tion temperature was maintained above 150 °C (Fig-
ure S-27). Most of all, the results reported here show
that practically useful ion currents at an acceptable
S/N ratio can be generated from analytes by the
DICE technique even under non-optimal experimen-
tal conditions.
Conclusion
A new technique for desorbing analytes from a solid
surface by an atmospheric-pressure mass spectrometric
technique has been developed. The spray droplets con-
taining molecular ions are directed onto a target surface
for desorption and ionization of analytes by this tech-
nique. The analyte ions generated by this technique are
primarily the molecular ions produced by a charge
exchange mechanism. Molecular ions from a wide
range of analytes can be easily generated using this
technique, which might be useful for tandem mass
spectrometry since they fragment differently com-
pared with the cationized species. DICE can easily be
incorporated into an existing DESI or ESI sources,
thereby, broadening the class of compounds that can
be successfully analyzed by surface desorption mass
spectrometry.
Appendix A
Supplementary Material
Supplementary material associated with this article
may be found in the online version at doi:10.1016/
j.jasms.2010.04.020.
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